Although a broad diversity of eukaryotic and bacterial taxa reside on rock surfaces where they can influence the weathering of rocks and minerals, these communities and their contributions to mineral weathering remain poorly resolved. To build a more comprehensive understanding of the diversity, ecology and potential functional attributes of microbial communities living on rock, we sampled 149 tombstones across three continents and analysed their bacterial and eukaryotic communities via marker gene and shotgun metagenomic sequencing. We found that geographic location and climate were important factors structuring the composition of these communities. Moreover, the tombstone-associated microbial communities varied as a function of rock type, with granite and limestone tombstones from the same cemeteries harbouring taxonomically distinct microbial communities. The granite and limestoneassociated communities also had distinct functional attributes, with granite-associated bacteria having more genes linked to acid tolerance and chemotaxis, while bacteria on limestone were more likely to be lichen associated and have genes involved in photosynthesis and radiation resistance. Together these results indicate that rock-dwelling microbes exhibit adaptations to survive the stresses of the rock surface, differ based on location, climate and rock type, and seem pre-disposed to different ecological strategies (symbiotic versus free-living lifestyles) depending on the rock type.
Introduction
Mineral and rock weathering are important controls on soil formation and terrestrial biogeochemical cycles. In addition to shaping the surface of the planet and the availability of inorganic nutrients, weathering also affects humans directly by influencing water quality, soil fertility and the durability of buildings and monuments (Mailloux et al., 2009; Mapelli et al., 2012) . Weathering is a product of both abiotic and biotic factors, with microbes playing a significant role in regulating mineral weathering rates (Banfield, 1999; Mapelli et al., 2012) . Microbes are common inhabitants of rock and mineral surfaces and there have been a number of previous studies investigating microbial diversity in these environments (Abdulla, 2009; Frey et al., 2010; Hutchens et al., 2010; Lapanje et al., 2012) with a particularly large body of literature on lichen-associated communities (Banfield, 1999; Chen et al., 2000; Villa et al., 2015) . However, exposed rock and mineral surfaces can also harbour a broad diversity of non-lichen associated bacteria, fungi and other eukaryotes that have received less attention (Gorbushina and Broughton, 2009) .
Exposed rock surfaces present unique challenges for microbial growth and survival due to high levels of UV radiation, frequent desiccation and limited resource availability. Many rock dwelling microbes have evolved symbiotic strategies to survive in this difficult environment, with lichens being the best-studied example. Lichens are composite organisms that represent a symbiotic relationship between fungi and a photobiont (either algae or cyanobacteria), although recent work has shown that a diversity of bacteria and other eukaryotes also participate in this symbiosis (Bates et al., 2011; Grube et al., 2015; Spribille et al., 2016) . Lichens are effective colonizers of rock surfaces: they can mitigate the effects of solar radiation through UV absorbing pigments, store water to fend off desiccation, fix carbon and, in some cases, fix nitrogen (Banfield, 1999) . However, not all microbes found on rock surfaces are members of lichen symbioses. Free-living heterotrophic bacteria, fungi and non-lichenized algae and cyanobacteria also frequently colonize rock surfaces where they can persist in biofilms (Gorbushina, 2007) . Additionally, microbes can dwell within the rock itself as endoliths. By moving into the pore space of rocks, endoliths are buffered from the stressors of the rock surface and can exist in environments where epilithic life is inhibited (Bell, 1993; Walker and Pace, 2007) .
Microbial colonization of rock surfaces can accelerate mineral weathering by non-specific physical (e.g., contraction and expansion of fungal hyphae) and chemical processes (e.g., secretion of acidic metabolites) (Gorbushina, 2007; Uroz et al., 2015) . Conversely, some microbes are capable of more direct mineral dissolution. Shewanella oneidensis, for instance, uses outer-membrane cytochromes to reduce manganese and iron on the surface of minerals, thereby gaining terminal electron acceptors for anaerobic respiration and consequently accelerating mineral dissolution (Lower et al., 2001) . Microbes can also produce siderophores, chelating compounds capable of binding iron and other metals with high affinity (Ahmed and Holmstr€ om, 2014) . However, the rate and mechanisms of microbial weathering are highly variable and dependent on specific characteristics of the rock surface (Mapelli et al., 2012) .
Several factors are known to affect the assembly of rockassociated microbial communities, including climate, rock type and age of rock surface. While tropical climates are more amenable to rapid microbial growth due to high humidity and elevated temperatures (Dakal and Cameotra, 2012) , rock-inhabiting organisms also thrive in more arid environments (Gorbushina and Broughton, 2009 ). For example, bacilli isolated from granite rock in Arizona were shown to be similar to strains recovered from Antarctic soils (FajardoCavazos and Nicholson, 2006) . Similarly, non-lichenized fungi first isolated in hot and cold deserts have been shown to also colonize rock surfaces in temperate regions (Gorbushina and Broughton, 2009) . Several studies have found that microbial communities also vary as a function of rock type, although many of these studies were restricted to the portion of communities that were readily cultivable (Abdulla, 2009; Frey et al., 2010; Lapanje et al., 2012) . Lastly, the length of time a rock surface has been exposed can also influence the composition of rock-associated microbial communities via successional processes. For example, autotrophs are often the initial colonizers of rock surfaces and their presence leads to elevated water retention and organic carbon concentrations, setting the stage for other taxa, including heterotrophs, to successfully colonize rock surfaces over time (Lan et al., 2010) .
Here, we surveyed the diversity of microbial communities associated with rock surfaces, including both lichenassociated and lichen-independent bacteria, archaea and microbial eukaryotes, using high-throughput marker gene sequencing (targeting 16S and 18S rRNA genes). We also used shotgun metagenomic sequencing to determine the functional attributes of a subset of these microbial communities. Our objectives were to determine how the composition and functional attributes of microbial communities living on rock surfaces vary as a function of rock type, climate, exposure time and geographic location across a broad sample set. We addressed these questions by sampling the microbial communities found on 149 tombstones from nine cemeteries located across three continents. As demonstrated in previous work (Mushegian et al., 2011; Villa et al., 2015) , tombstones are well-suited for investigating microbial colonization of rock surfaces. Most tombstones are composed of only a handful of common rock types and are of similar general design, allowing us to sample from replicate tombstones within each cemetery location. Also, by sampling from tombstones that were unlikely to have been cleaned, we can use the date on the tombstone as a rough approximation of the amount of time that tombstone surface has been exposed and available for microbial colonization.
Results

Diversity of tombstone-associated communities
We used a network of volunteers to collect 149 tombstone surface samples from nine cemeteries across three continents (Supporting Information Table 1 ). These locations represented a broad range of climatic conditions, with mean annual temperatures ranging from 48C to 248C and mean annual precipitation ranging from 469 to 1268 mm y
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. Nearly 90% of these tombstones were classified as either limestone or granite, with installation dates ranging from 1838 to 2011. Because we were interested in both bacterial and eukaryotic communities and their interactions on rock surfaces, we used two primer pairs, one that yielded amplicons that were dominated (>95%) by bacterial 16S rRNA gene reads (515f/906r, Klindworth et al., 2013) and another set of eukaryote-specific 18S rRNAtargeting primers (F1391/REukBr, Ramirez et al., 2014) .
Although primer pair 515f/906r also targets archaeal 16S rRNA genes, archaea were rare (<0.001% of reads) in the sequenced amplicon pools. The bacterial communities we found on tombstone surfaces were dominated by five phyla: Proteobacteria (33% of all 16S rRNA gene reads), Cyanobacteria (15%), Bacteroidetes (14%), Actinobacteria (13%) and Acidobacteria (6%). We also examined the bacterial communities at finer levels of taxonomic resolution; in Fig. 1 , we show both bacterial and eukaryotic genera that had at least 1% average abundance across all geographic locations. These genera represent taxa that are common across rock surfaces in many geographic locations, although there were few genera shared across all samples. The dominant bacterial genera were members of the five aforementioned phyla, along with one genus within the candidate phylum FBP and one genus from the Deinococcus-Thermus phylum. Two main groups dominated the eukaryotic 18S sequence libraries: Fungi (47%) and Chlorophyta (33%). While there was considerable variation in the relative abundances of Tales from the tomb 959 the eukaryotic taxa, the most abundant and ubiquitous eukaryotic genera were members of the algal class Trebouxiophyceae and fungal orders Chaetothyriales and Pleosporales (Fig. 1) .
Next, we identified co-occurrence patterns of eukaryotic and bacterial taxa that were common across samples to determine which taxa (defined at the 97% sequence similarity level) consistently appeared together (q > 0.60, p < 0.01; Spearman correlation). Unsurprisingly, many of the co-occurring taxa appeared to be lichen symbionts (Supporting Information Figure S1 ). Our network correlation included lichenized fungi within the order Teloschistales that consistently co-occurred with algal phylotypes within the class Trebouxiophyceae, known to contain lichenized photobionts. Several bacterial taxa also co-occurred with the lichenized fungi; these bacterial taxa were from the orders Sphingomonadales, Deinococcales, Frankiales and the phylum FBP.
Factors structuring the tombstone-associated communities
We found that the overall composition of both the bacterial and eukaryotic communities significantly differed depending on cemetery location (bacterial R 2 5 0.34, p < 0.001; eukaryotic R 2 5 0.29, p < 0.001; PERMANOVA). Ordination plots for both bacterial and eukaryotic communities highlight that regions with similar climates tend to harbour similar rock-associated communities -tropical and subtropical regions (Florida, Colombia) were clearly distinct from more temperate regions (Barcelona, Belgium, Colorado, Denmark and Maine, Fig. 2 ). Indeed, mean annual precipitation and temperature together were significant in structuring both the bacterial and eukaryotic communities (bacterial r 5 0.18, p < 0.001; eukaryotic r 5 0.34, p < 0.001; Mantel test). Although we tested the effect of a number of other variables on the composition of the microbial communities, including tombstone age, cardinal direction of stone face and surface texture (polished versus rough), all were found to have no significant effect on the overall composition of either the eukaryotic or bacterial communities. We did find that tombstone rock type had significant effects on the composition of both the bacterial and eukaryotic communities (bacterial R 2 5 0.11, p < 0.001; eukaryotic R 2 5 0.075, p < 0.001; PERMANOVA). However, because several cemeteries had tombstones of only a single rock type, it was difficult to disentangle the effects of rock type and geographic location across our entire sample set. For example, all of the tombstones sampled in Colombia were limestone, while the vast majority of tombstones sampled in Spain were granite (Supporting Information Table S1 ). To specifically investigate the effects of rock type on bacterial and eukaryotic communities, we words, the microbial communities on limestone tombstones in Maine were more similar to limestone tombstones in Belgium than they were to granite tombstones located just several meters away. We used the Belgian and Maine subset of our data to identify microbes that consistently preferred either limestone or granite as a substrate, regardless of geographic location. We identified 25 differentially abundant bacterial taxa (11 for granite and 14 for limestone, FDR corrected Mann-Whitney test, 0.01 p-value cut off) and 16 significant eukaryotic taxa (8 for each rock type, FDR corrected Mann-Whitney test, 0.05 p-value cut off). The top rock-specific genera (by degree of significance) are shown for both the bacterial and eukaryotic datasets in Fig. 4 .
The eukaryotic taxa that were enriched on granite surfaces included the acid-tolerant free-living algae Apatococcus (Gustavs et al., 2016; Low-D ecarie et al., 2016) , the melanized, microcolonial rock-inhabiting fungi Knufia (Noack-Sch€ onmann et al., 2014) and Catenulostroma (Ruibal et al., 2008) . The limestone-enriched eukaryotes included several taxa associated with lichens; the fungal order Teloschistales are almost entirely lichenized, while the algae Heveochlorella are known lichen photobionts (Sanders et al., 2016) . The remaining limestone-specializing eukaryotic orders (Capnodiales, Chaetothyriales and Xylariales) encompass both microcolonial rock dwelling and lichenized fungi.
Many of the bacterial taxa that were significantly more abundant on limestone tombstones were taxa that are Tales from the tomb 961 known to include radiation-resistant strains (e.g., Trueperaceae, Chroococcidiopsis, Spirosoma, Rubellimicrobium; Billi et al., 2000; Albuquerque et al., 2005; Favet et al., 2013; Lee et al., 2014; ) . We also noted that the bacterial taxa enriched on the granite tombstones tended to include known acid tolerant groups (e.g., Acidobacteriaceae, Beijerinciaceae and Methylocystaceae), while bacteria that were more abundant on limestone tended be from groups that are considered neutrophilic or alkaliphilic (e.g., Spirosoma, Rubellimicrobium and Truepera). Thus, we hypothesized that differences in bacterial pH preferences are a major factor driving the differential abundances of bacterial taxa across the limestone and granite tombstones. To test this hypothesis, we searched the literature for pH growth ranges of all characterized isolates from bacterial families that were significantly enriched on one rock type. Although the pH growth range data were not for the exact strains we found on the tombstones, pH tolerance is a trait conserved at a coarse level of taxonomic resolution and thus should be reasonably consistent within bacterial families (Martiny et al., 2015) . We found pH growth range data for 39 and 32 isolates representing bacterial families found to be more abundant on granite and limestone tombstones respectively. These bacterial families accounted for >40% of bacterial 16S rRNA gene sequences on their respective tombstone rock types. As expected, the cultured representatives from bacterial families that were more abundant on granite tombstones had a significantly lower pH threshold for growth than their limestone counterparts (Supporting Information Figure S2 ).
Because we observed strong effects of rock type on the taxonomic composition of the microbial communities, we also characterized the functional attributes of the microbial communities found on granite and limestone surfaces. To do this, we used shotgun metagenomic sequencing of four limestone samples and four granite samples from Maine, United States. As an initial comparison, we used Metaxa2 (Bengtsson-Palme et al., 2015) to confirm that similar taxa were observed in both our amplicon and shotgun metagenomic datasets. The same five bacterial families dominated both the amplicon and metagenomic datasetsMethylocystaceae, Xenococcaceae, Acetobacteraceae, Sphingomonadaceae and Cytophagaceae. Likewise, both eukaryotic datasets reported high abundances of fungal classes Dothideomycetes, Eurotiomycetes and Lecanoromycetes, as well as the algal family Trebouxiophyceae. The relative abundance of bacteria versus eukaryotes was highly variable across samples; eukaryotic sequences accounted for 38%-72% of all small-subunit RNA gene sequences recovered from the shotgun metagenomic datasets, although these results are difficult to interpret due to high variation in rRNA gene copy numbers across eukaryotic taxa (Black et al., 2013) . Archaeal SSU rRNA made up only 0.005% of all the 16S rRNA reads recovered from the shotgun metagenomic data, supporting the near complete absence of archaea in our 16S rRNA amplicon sequencing dataset.
We next used the portion of the metagenomic reads that could be annotated with KEGG (approximately 12% of reads on average, Kanehisa et al., 2012) to compare the potential functional attributes of tombstone communities living on granite versus limestone tombstones. The low proportion of annotated reads stems from the few genomes available from environmental, uncultured microbes and the conservative nature of the KEGG database which primarily includes well-studied genes. We split these annotated reads into those assigned as bacterial or eukaryotic genes to avoid biases caused by differences in overall bacteria: eukaryote ratios. We also normalized these read abundances to account for differences in mean genome sizes within each sample (Nayfach and Pollard, 2015) . We found that rock type was a significant factor explaining differences in overall functional attributes for bacterial, but not eukaryotic communities (bacterial p < 0.05, R 2 5 0.34; eukaryotic p > 0.05; PERMANOVA;
Supporting Information Figure S3 ). Next, we identified KEGG gene pathways that were differentially abundant between the two tombstone types in the bacterial communities. There were 10 and 14 pathways that were more abundant within limestone-associated and graniteassociated bacterial communities respectively (FDR-corrected p < 0.1; Mann-Whitney Test; Supporting Information Table S3 ). For example, granite surfaces had more genes related to acid resistance pathways (sesquiterpenoid triterpenoids biosynthesis), cell movement (flagellar assembly), exotic compound degradation (benzoate degradation) and amino acid metabolism (cysteine and methionine, phenylalanine and tryptophan, Fig. 5 ). In contrast, limestone surfaces had significantly more genes associated with photosynthesis, UV resistance (carotenoid synthesis) and vitamin and cofactor synthesis pathways (ubiquinone, folate, pantothenate and thiamine biosynthesis, Fig. 5 ).
Discussion
Diversity of rock associated communities
Most of the bacterial groups we found to be common on tombstone surfaces (Fig. 1 ) have been observed previously in comparable environments such as stone monuments. Bacteria within the genera Sphingomonas, Hymenobacter, Spirosoma, Truepera, Pseudonocardia, the family Acetobacteraceae and the phyla Acidobacteria and FBP were found on the surface of stone monuments in China (Li et al., 2016) . Several of these bacterial groups have also been identified from dust samples (Sphingomonas, Hymenobacter, Pseudonocardiaceae, Sporichthyaceae, Acetobacteraceae), which may explain their global ubiquity on rock surfaces (Favet et al., 2013) . More generally, the bacteria we identified as common rock-dwellers ( Fig. 1) have been shown to possess a number of traits that could help them to survive on exposed rock surfaces, from resistance to radiation (Hymenobacter, Spirosoma, Truepera and phylum Actinobacteria: Albuquerque et al., 2005; Warnecke et al., 2005; Dartnell et al., 2010; Lee et al., 2014; Ahn et al., 2016) , to production of viscous exopolysaccharides (polymers known to moderate temperature extremes and enhance water retention: Sphingomonas, Nwodo et al., 2012) , to associations with lichen (Acetobacteraceae and Sphingomonodaceae, Bates et al., 2011) . Likewise, the eukaryotic taxa we found to be common on tombstone surfaces have previously been observed on rock surfaces. Similar to other studies of rock colonizing fungi, the fungi we found were all from the phylum Ascomycota (Li et al., 2016) . Of these taxa, two orders (Chaetothyriales and Capnodiales) include members known as black melanized micro-colonial fungi (MCF), which live within subaerial biofilms on rock and have been found in desert varnish (Gorbushina, 2007; Northup et al., 2010) . MCF can endure long periods of dormancy to Tales from the tomb 963 persist under nutrient poor conditions and have dark pigmentation that imparts resistance to UV radiation. However, members of the Chaetothyriales and Capnodiales groups also include lichenized taxa (Banfield, 1999) . The green algae Trebouxiophyceae was also common on rock surfaces regardless of geographic location. Like the fungal orders Chaetothyriales and Capnodiales, these algae can be components of subaerial biofilms on rock surfaces (Gorbushina, 2007; V azquez-Nion et al., 2016) , or can live as lichen photobionts (Muggia et al., 2013) . Members of Trebouxiophyceae are often radiation and desiccation-resistant (Rivasseau et al., 2016) , traits that likely enable effective colonization of rock surfaces.
Given the abundance of lichenized fungi and green algae, it is not surprising that our co-occurrence analyses were able to identify strong associations between potential lichen partners (Supporting Information Figure S1 ). The co-occurrence network we assembled contains fungi from the lichenized order Teloschistales, as well as the order Capnodiales, which includes lichenized taxa among its diverse constituents. The algal taxa in our network were from the class Trebouxiophyceae, whose members are capable of a free-living or photobiont lifestyle (Muggia et al., 2013) . Several of the bacteria which exhibited strong co-occurrence patterns with algae or fungi have previously been observed to associate with lichens (including taxa from the Sphingomonadaceae and Truperaceae families; Albuquerque et al., 2005; Bates et al., 2011) . However, many of the bacterial taxa shown in Supporting Information Figure S1 have not been identified in association with lichens (including members of the order Frankiales and the FBP candidate phylum). Additional work is required to determine if these bacteria consistently associate with lichens and what role, if any, they might play in lichen symbioses.
We found that the composition of the bacterial and eukaryotic communities on tombstone surfaces was variable across the sampled cemeteries. This geographic variation is likely a product of differences in climatic conditions, as the development of both lichenized and nonlichenized rock-associated microbial communities is expected to be sensitive to differences in temperature and water availability (Macedo et al., 2009) . Interestingly, besides geographic location, climate and rock type, no other measured factors were significantly correlated with variation in the rock-associated microbial community composition. Even tombstone age (how long a tombstone has been in a cemetery) was not a significant predictor of microbial community composition. Colonization of terrestrial surfaces has been found to follow predictable trends; free-living algae, bacteria and microcolonial fungi are generally responsible for primary colonization, followed by mosses and lichen, then plants and small animals (Gorbushina and Broughton, 2009). However, mature colonization of rock surfaces can occur in as little as 15 years (Pohl and Schneider, 2002) . A different sampling Granite had significantly more genes related to substrate transport (ABC transporters, bacterial secretion), acid resistance (sesquiterpenoid/ triterpenoids), cell motility (flagellar assembly) and exotic compound degradation (benzoate), while limestone had more genes related to photosynthesis and UV resistance (carotenoids). Granite communities also had higher relative abundances of genes encoding the synthesis of metabolically expensive amino acids (cysteine, methionine, phenylalanine and tryptophan) while limestone communities were enriched in vitamin and cofactor synthesis pathways (ubiquinone, folate, thiamine and pantothenate). Error bars indicate range of samples, while the proportional abundances of KO categories were calculated after dividing by genome equivalents in each sample. [Colour figure can be viewed at wileyonlinelibrary.com] strategy focusing more explicitly on tombstones that vary in age within a single cemetery is likely necessary to detect these temporal patterns in microbial community succession on rock surfaces.
Effects of rock type on tombstone microbial communities
Rock type had a significant impact on the composition of both the bacterial and eukaryotic communities found on tombstone surfaces, with specific taxa consistently enriched on either granite or limestone tombstones (Fig.  4) . This finding is in line with previous work (Mauck and Roberts, 2007; Hutchens et al., 2010) , although it remains unclear whether the rock type effects are driven more by differences in the physical characteristics (e.g., porosity, surface roughness) or chemical characteristics (e.g., chemical composition, pH) of the rock surfaces (Porca et al., 2012) .
In addition to the taxonomic shifts in the microbial communities on the two rock types (Fig. 4) , we also identified specific gene categories and phenotypic traits ( Fig. 5 and Supporting Information Figure S2 ) that were consistently enriched on either granite or limestone tombstones across the subset of samples analysed. Granite surfaces, for example, were enriched in acidophilic bacteria and gene pathways linked to both acid resistance (sequiterpenoid/triterpenoids synthesis, Schmerk et al., 2011; Chen et al., 2015; Wu et al., 2014) and acid production (glyoxylate/ dicarboxylate metabolism). Granite communities were also enriched in genes related to cell movement (flagellar assembly), and substrate transport (ABC transporters, bacterial secretion systems), suggesting that bacteria on granite surfaces are more likely to be motile, better able to escape growth-limiting local conditions, and more likely to be free-living (Alexandre, 2015) than their limestone counterparts. Granite communities also had more genes linked to metabolically expensive amino acid synthesis (tryptophan, phenylalanine and methionine are some of the most energy intensive amino acids to synthesize, Akashi and Gojobori, 2002) . Auxotrophic taxa reap an energy savings so long as the amino acid they cannot produce is available in their environment. The more metabolically expensive an amino acid, the larger the energy savings. Free-living bacteria are predicted to have fewer auxotrophies than symbiotic taxa (D'Souza et al., 2014) , which may explain why granite bacterial communities are likely more capable of synthesizing metabolically-expensive amino acids.
Limestone surfaces, in contrast, harboured more radiation resistant bacteria with neutral to alkaline pH growth ranges, along with many potentially lichenized microbes. These communities were enriched in carbon-fixing pathways (possibly derived from the photobiont Chroococcidiopsis, Fig. 4 ) and mechanisms of UV resistance (carotenoid synthesis). Limestone bacterial communities were also enriched in genes related to vitamin and cofactor synthesis (ubiquinone, folate, thiamine and pantothenate synthesis). Bacteria associated with the lichen symbiosis have been suggested to synthesize vitamins and cofactors for other members of the symbiosis (Grube et al., 2015) , which may explain the enrichment of these gene pathways.
Microbial communities and mechanisms of rock weathering
The microbes and functional pathways we identified on tombstone surfaces may give us some insight into the impacts of these communities on rock weathering.
For example, one of the major routes to stone deterioration is biocorrosion, caused by the routine secretion of acidic metabolites by microbes (Uroz et al., 2015) . Significant drops in pH can occur over time when microbes colonize inert, unbuffered media (Liermann et al., 2000) . Specifically, strains of bacteria isolated from granite rocks have been shown to acidify unbuffered media by secretion of oxalic acid, leading to dissolution of granite particles (Frey et al., 2010) . Interestingly, a metabolic pathway that results in oxalic acid byproducts was significantly enriched in bacterial communities on granite tombstones (glyoxylate and dicarboxylate metabolism, Supporting Information Table S3 ). Pitting of stone surfaces caused by biocorrosion may create microenvironments capable of shielding microbes from some environmental stresses, such as UV radiation. The microbial communities living on granite surfaces likely need to tolerate acidic conditions, but may gain some protection against UV radiation, decreasing the relative importance of radiation resistance genes (Snider et al., 2009) .
Limestone, on the other hand, is rich in carbonate compounds that can buffer acidic metabolic products routinely secreted during microbial growth (Warscheid and Braams, 2000) . A buffered rock surface would be more resistant to acidic pitting and have a higher surface pH than an unbuffered rock such as granite, an explanation supported by the relatively high pH growth ranges of bacteria found on limestone (Fig. 4 and Supporting Information Figure S2 ). Additionally, limestone had a higher proportion of cyanobacteria and photosynthesis-linked genes than granite. Photosynthesis in cyanobacteria raises local pH through CO 2 concentrating mechanisms (B€ udel et al., 2004) , and may further elevate the pH of limestone surfaces. If limestone surfaces are less vulnerable to biocorrosion than granite, there is likely to be less UV protection for those microbes living in microsites, giving those microbes with radiation resistance a selective advantage. Limestone surfaces were also enriched in lichen-associated taxa. Lichen are potent weathering agents, and while acidic secretions may be buffered by limestone chemistry, mechanical stress from the contraction and expansion of fungal Tales from the tomb 965 filaments through wetting and drying cycles can also weather limestone (Burford et al., 2003) .
Conclusions
By sampling 149 tombstones across three continents and analysing their bacterial and eukaryotic communities via marker gene sequencing, we were able to demonstrate that microbes living on rock surfaces have specific adaptions to this environment, and vary based on geographic location and climate. Moreover, we found that rock type had a strong influence on these microbes, effects that were also evident when we used shotgun metagenomic analyses to identify gene categories that were differentially abundant across two rock types. Further work is needed to identify the specific factors contributing to the observed rock type effects. However, we found that different rock types consistently feature different microbial communities, which in turn, may alter the biotic processes associated with weathering, even though the tombstones within a given cemetery are subjected to the same climatic conditions.
Experimental procedures
Sample collection and processing
To investigate microbial communities associated with rock surfaces, we recruited volunteers to sample tombstone surfaces. Between December 2014 and March 2015, volunteers wearing sterile nitrile gloves used individually sealed nylon bristle toothbrushes (packaged by the manufacturer) to brush the surface of tombstones across a standardized 100 cm 2 area in a non-destructive manner (Supporting Information Figure S4 ). Volunteers were asked to sample tombstones that did not appear to have been recently cleaned. Several characteristics of each tombstone were recorded: location of the tombstone, rock type, length of tombstone exposure (date of death), direction of the sampled face (cardinal direction) and surface texture (polished/unpolished). Volunteers took pictures of the front and back of tombstones, which we used to verify tombstone rock type.
Due to the sensitive nature of the sample type, we did not perform any destructive mineralogical analyses. While we acknowledge that chemical structure and inclusions can vary within rock types, we make the assumption that the mineralogies of different types of granite (for example) are more similar to each other than to the other rock types sampled (limestone, marble, sandstone and slate). Likewise, we assumed the effects of any microscopic inclusions or other sources of micro-heterogeneity in rock composition would be minimized by sampling from a comparatively large surface area on each tombstone.
After sampling, toothbrushes were placed in sterile bags and shipped to the University of Colorado where they were stored at 2208C upon receipt. The range of time between sampling and storage at 2208C never exceeded two weeks. We received a total of 149 samples from cemeteries in Barcelona (Spain), Dagua (Colombia), Jacksonville (FL, USA), Falmouth (ME, USA), Nederland (CO, USA), Hellerup (Denmark) and Antwerp (Belgium). Two separate cemeteries were sampled in Hellerup and Antwerp while single cemeteries were sampled everywhere else. Sites were selected by availability of volunteers and existence of appropriate sampling locations. Climate data for all sites were retrieved from climate-data.org. Further details on the sampling locations are provided in Supporting Information Table S1 .
We extracted DNA from the toothbrush samples within 1-2 months of receipt by cutting half the bristles off each toothbrush with flame-sterilized scissors and placing them into a single well of a MoBio PowerSoil-htp 96 well Soil DNA Isolation Kit (MoBio, Carlsbad, CA). This work was done in a sterile hood and we extracted one aliquot of DNA per sample. Some wells were left empty to test for potential contamination. Because the toothbrushes were packaged by the manufacturer and not necessarily sterile, we also included controls with 'blank' toothbrushes to check for contamination. DNA extraction was conducted following the manufacturer's instructions (MoBio), with an additional incubation step at 658C for 10 min prior to bead beating.
Amplicon-based analyses
We used two primer pair sets for our amplicon-based studies: 515f/907r for 16S rRNA gene sequencing and F1391/REukBr for 18S rRNA gene sequencing. The 515f/907r primer pair [515F (5 0 -GTGYCAGCMGCCGCGGTAA 23 0 ) and 907R (5 0 -CCGTCAATTCMTTTRAGTTT 23 0 )] targets the V4-V5 region of the 16S rRNA gene (Klindworth et al., 2013) . PCR conditions were: 948C for 3min; 35 cycles of 948C for 45 s, 508C for 60 s, 728C for 90 s; 728C for 5 min. This primer set was initially predicted to cover all SSU rRNA and be truly universal domain. However, in practice, the sequences returned from this reaction were almost entirely from bacteria (>95%). Therefore, we used another primer pair to generate eukaryotic sequences. The F1391/REukBr primer pair [F1391 (5 0 -GTAC ACCGCCCGTC -3 0 ) and REukBr (5 0 -TGATCCTTCTGCA GGTTCACCTAC -3 0 )] targets the V9 hyper-variable region of the eukaryotic 18S rRNA gene (Ramirez et al., 2014) . PCR conditions for this primer pair were: 948C for 3 min; 35 cycles of 948C for 45 s, 578C for 60 s, 728C for 90 s; 728C for 10 min. All primers were 'fusion' primers that included 12 bp barcodes unique to each primer pair. PCR was performed in triplicate and PCR reactions for all samples were cleaned and normalized to 25 ng using 96 well SequalPrep Normalization Plate Kits (Thermo Fisher Scientific, Waltham, MA). All samples were pooled and sequenced on an Illumina MiSeq (2x150 paired end sequencing) at the University of Colorado Next Generation Sequencing Facility. Sequences were processed as described previously (Emerson et al., 2015) . We used USEARCH7 (Edgar, 2010) to quality filter (-fastq_filter with fastq_maxee 1), dereplicate reads (-derep_fulllength) and remove singletons (-sortbysize). Neither of the amplicon datasets could be merged due to insufficient length, so we used only the forward reads in downstream analyses. Sequences were assembled into phylotypes at the 97% identity level using UCLUST (-cluster_otus) (Edgar, 2010) . We then mapped the raw sequences to the de novo clustered phylotypes using USEARCH7 command -usearch_global. Taxonomy was assigned using the QIIME v.1.9.1 (Caporaso et al., 2012) script assign_taxonomy.py with the Ribosomal Database Project classifier (Cole et al., 2014) and either the Greengenes 13_8 database (515/907 primer set, DeSantis et al., 2006) or the Silva119 database (F1391/ REukBr primer set, Quast et al., 2013) . Mitochondrial sequences were removed (filter_taxa_from_otu_table.py, QIIME) and both datasets were rarefied to 2300 and 11 000 randomly selected sequences per sample for the bacterial and eukaryotic analyses, respectively, using the QIIME command single_rarefaction.py.
All statistical analyses were conducted in R. Co-occurrence patterns were determined as described previously (Barber an et al., 2012 ). An upper limit of 0.6 was set for rcorr values and 0.01 for FDR-corrected p-values (generated by Spearman correlations; rcorr command from the Hmic R package - Harrell, 2017) . The R package igraph (Cs ardi and Nepusz, 2006) was used to generate a .graphml file from these correlations which was explored and visualized with Gephi version 3. Only phylotypes that occurred in at least 50% of samples were included in these analyses as we wanted to focus on the more ubiquitous co-occurrences that were common on rock surfaces regardless of location.
R packages vegan (Dixon, 2003) and plyr (Wickham, 2011 ) were used to perform ecological analyses. Phylotype abundance tables were Hellinger transformed, Bray-Curtis dissimilarity matrices were generated and PCoA (Principal Coordinates Analysis) plots were used to visualize differences in community composition across sample categories. PER-MANOVA was used to test the importance of the site and tombstone characteristics on the overall taxonomic structure of the bacterial and eukaryotic communities. To identify taxa that specialized on one rock type in paired conditions (limestone versus granite tombstones that were co-located), the Mann-Whitney test was used with FDR corrected p-values. All other plots were created using the R package ggplot2 (Wickham, 2009 ).
Shotgun metagenomic analyses
Eight samples from the same site in Maine, United States were selected for metagenomic sequencing: four granite tombstones and four limestone tombstones. These stones were all within similar age ranges -the youngest was erected in 1947, the oldest in 1910. DNA was extracted as described above and metagenomic libraries were generated using the TruSeq DNA LT library preparation kit (Illumina, San Diego, CA) according to manufacturer instructions. All samples were pooled and sequenced on an Illumina MiSeq (2x150 paired end sequencing) at the University of Colorado Next Generation Sequencing Facility.
After merging the paired-end metagenomic reads (-fastq_-mergepairs) and quality filtering (-fastq_filter with fastq_maxee 0.5) with USEARCH, we obtained an average of 650 000 merged sequences per sample. We used Metaxa2 (Bengtsson-Palme et al., 2015) with default settings to identify taxa found in the metagenomic libraries from rRNA gene analyses using only the sequences that successfully merged. We uploaded the unassembled, merged sequences to MG-RAST (Meyer et al., 2008) for annotation and used KEGG (Kanehisa et al., 2012) annotations for all further analyses. Using the domain assignment output of MG-RAST, we removed sequences conclusively identified as eukaryotic for the functional gene analyses. Once eukaryotic sequences were removed, we ran MicrobeCensus (Nayfach and Pollard, 2015) and normalized our KO matrices by dividing by the genome equivalents in each sample, then converted each sample to proportional data. Genome equivalents were determined using MicrobeCensus with default settings (Nayfach and Pollard, 2015) . On average, only 12% of sequences could be annotated using cutoffs for e-value of e 25 and percent identity of 60%. We used KO matrices of genes identified as bacterial or eukaryotic by MG-RAST to create dissimilarity matrices and PCoA plots. As the eukaryotic community did not vary significantly based on rock type (detailed in Results and Supporting Information Figure S3 ), we focused solely on bacterial reads for all further analyses. We next used FDRcorrected Mann-Whitney tests to determine which KEGG pathways were significantly enriched on one rock type in bacterial communities, considering only the 75 most abundant pathways.
Data availability
Annotated and raw metagenomic reads have been deposited and made publicly available through MG-RAST (project id: mgp15093). In addition, phylotype tables and gene annotation tables are available on Figshare (https://doi.org/10.6084/m9. figshare.4604371.v1).
Supporting information
Additional Supporting Information may be found in the online version of this article at the publisher's web-site: Fig. S1 . Network diagram highlighting significant positive co-occurrences between individual eukaryotic and bacterial phylotypes (defined at the 97% sequence similarity level). We used relatively strict Spearman correlations (q > 0.60, p < 0.01) on phylotypes that were present in at least 50% of samples to identify general co-occurrence patterns that exist across multiple rock types and locations. Each phylotype is labelled either by phylogenetic order or the lowest resolvable phylogenetic level. Several phylotypes that could not be classified to the class level of resolution are simply labelled as 'Fungi'. The size of each circle (phylotype) corresponds to its average abundance across all samples.
Many of these taxa are lichen associated; see Supporting Information Table S2 for additional information. The number associated with each phylotype indicates its position in Supporting Information Table S2 . Fig. S2 . Isolates from granite-specializing bacterial families have significantly lower pH limits for growth than isolates from limestone-specializing families (Lower limit p < 0.0001; Higher limit p < 0.05; Mann-Whitney test). We looked through the literature for isolates that belonged to bacterial families enriched on limestone or granite, and found that granite enriched families consistently had lower pH limits for growth. On the left we show the lower pH limit for growth listed for isolates, and on the right the upper pH limit for growth. We attempted to replicate this approach for the eukaryotic rock-specialists, but we were constrained by a lack of consistent phenotypic data for closely-related isolates. Fig. S3 . The functional composition of bacterial communities differs significantly based on rock type. PCoA plot showing the differences in functional dissimilarity matrices between rock types in a single Maine cemetery. Rock type was a significant factor describing differences in KEGG functional potential for bacterial communities (p < 0.05, R 2 5 0.34; PERMANOVA), but not for eukaryotic communities (p > 0.05; PERMANOVA). Fig. S4 . Sampling set-up for tombstone surfaces. A 100cm 2 template was affixed to tombstone surfaces and this area was scrubbed vigorously with individually wrapped toothbrushes to collect sufficient biomass. Pictures were taken of the front and back of tombstones to assess rock type. The name of the deceased has been blurred. Table S1 . Site Details. Table S2 . Co-occurrence matrix OUT details. Table S3 . KEGG pathways significantly enriched on select rock types.
